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Edited by Takashi GojoboriAbstract A mechanism, selective avoidance, proposes that
microRNA (miRNA) target sites are selectively depleted in the
3 0-UTRs of genes expressed at the same time and place as a
miRNA. If this mechanism is ubiquitous, the target motif occur-
rences in the 3 0-UTRs would be decreased. To test this hypothe-
sis, we examined miRNA target motif occurrences in the 3 0- and
5 0-UTRs of 20527 human protein-coding genes. The results re-
vealed that miRNA target motifs appeared more frequently than
non-target motifs and were enriched in the 3 0-UTRs. This enrich-
ment was relatively reduced in a set of 2525 genes coexpressed
with miR-124a in the prefrontal cortex, but still remained at a
high level, suggesting that miRNA target motifs are fostered
by some other factors that surpass the inﬂuence of selective
avoidance.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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MicroRNAs (miRNAs) are small (22-nt) endogenous non-
coding RNAs, and their number within the human genome has
been predicted to be 1000 [1]. The impact of miRNAs on reg-
ulatory networks is so wide that one miRNA has been esti-
mated to control more than 200 target genes on average [2].
The regulatory eﬀects of miRNAs are mediated by base com-
plementarity between mature miRNAs and the 3 0-UTRs of
their target mRNAs through either translational inhibition
or mRNA degradation [3].
In particular, the six nucleotides of a mature miRNA corre-
sponding to nucleotides 2–7 counting from its 5 0-end areAbbreviations: miRNA, microRNA; CDS, coding sequence; EI, enri-
chment index
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doi:10.1016/j.febslet.2007.03.066known as the ‘‘seed’’ sequence for its speciﬁc base pairing with
target mRNAs [4]. In addition, nucleotide 8, which ﬂanks the
seed sequence, has been shown to contribute greatly to the
binding speciﬁcity [4]. This 7-nt sequence comprising nucleo-
tides 2–8 has been shown to be suﬃcient for miRNA regula-
tory eﬀects by substantial experimental studies [5,6]. Later in
the present report, we denote these 7-nt sequences of mature
miRNAs as ‘‘core motifs’’, and further denote their reverse,
complementary and reverse-complementary forms as ‘‘deriva-
tive core motifs’’ or simply ‘‘derivatives’’ (see Fig. 1).
In addition to the 7-nt sequence base pairing, other limiting
factors, such as combinatorial eﬀects of target sites [2], struc-
tural accessibility of miRNAs to mRNAs and compensatory
binding sites of mature miRNAs, may aﬀect the speciﬁcity of
miRNA targeting to some extent [5], although the central func-
tional importance lies in the 5 0-end miRNA sequence including
the seed sequence (see review by Bentwich [7]). If the mere 7-nt
miRNA motifs are suﬃcient for the regulatory functions, the
regulatory networks comprised of miRNAs assume the aspect
of heavily overlaid connections, since the number of 7-nt motif
matches in the 3 0-UTRs is huge, and increases far beyond
those predicted on the basis of cross-species sequence conser-
vation in 3 0-UTRs [6].
In the midst of this intricate situation, an intriguing con-
cept, designated ‘‘selective avoidance’’, for miRNA target
sites was proposed and seems to reasonably alleviate the
heavily overlaid connections of miRNA regulatory networks.
This concept suggests that genes preferentially expressed at
the same time and place as a miRNA have evolved to selec-
tively avoid miRNA target sites [6]. If selective avoidance is a
ubiquitous or major mechanism for shaping miRNA regula-
tory networks, the occurrences of miRNA target motifs are
hypothesized to be decreased in 3 0-UTRs relative to other
genomic contexts where selective avoidance is not supposed
to function.
Therefore, in the present study, we aimed to exhaustively
examine the occurrences of miRNA core motifs and their
derivatives in 3 0-UTRs in comparison with those in 5 0-UTRs
and the entire human genome. These exhaustive approaches
were extended to a set of genes coexpressed in the same tissue
as a miRNA in order to estimate the inﬂuence of selective
avoidance. For this purpose, we made a non-redundant set
of miRNA core motifs utilizing 454 human mature miRNAs
in miRBase [8], and surveyed the 3 0- and 5 0-UTR sequences
of 20527 well-annotated human protein-coding genes utilizing
the human reference genome annotation [9].blished by Elsevier B.V. All rights reserved.
Coding sequence 5’ 3’
UUAAGGCACGCGGUGAAUGCCA5’ 3’
Mature miRNA (human miR-124a)
TAAGGCA
Coding sequence 5’ 3’ACGGAAT
Coding sequence 5’ 3’ATTCCGT
Coding sequence 5’ 3’TGCCTTA
ori
rev
cmpl
revcmpl
Core motif
Fig. 1. Scheme of the orientation of the four forms of a motif. The
relationships among the core motif and its derivatives on the coding
sequence are shown schematically along with a mature miRNA
sequence (open box). The sequence of mature human miR-124a is used
as an example. The sequences of the core motif and its derivatives are
shown in bold letters.
Table 1
Mean values of the relative frequencies of miRNA core motifs
Motif orientation ori rev cmpl revcmpl
30-UTRs
miRNA core
motifs
0.00782*1*a 0.00591*a 0.00598*b 0.00793*2*b
Non-core
motifs
0.00607*1 0.00611 0.00611 0.00606*2
50-UTRs
miRNA core
motifs
0.00775*3*c 0.00583*c 0.00589*d 0.00776*4*d
Non-core
motifs
0.00607*3 0.00611 0.00611 0.00607*4
Genome
miRNA core
motifs
0.00772*5*e 0.00589*e 0.00590*f 0.00772*6*f
Non-core
motifs
0.00607*5 0.00611 0.00611 0.00607*6
The mean values of the relative frequencies for the core motif set (354
motifs) and non-core motif set are shown for each of the three genomic
contexts, i.e. the 3 0-UTRs, 50-UTRs and entire human genome. Each
pair of asterisked numbers or letters represents correspondence of the
tested pair of values as follows. Statistical signiﬁcance level by the
Wilcoxon rank-sum test: core vs. non-core – *1P < 1 · 1018, *2P <
1 · 1018, *3P < 1 · 1017, *4P < 5 · 1016, *5P < 5 · 1016, *6P < 5 ·
1016; ori vs. rev and cmpl vs. revcmpl – *aP < 5 · 1010, *bP < 5 ·
1010, *cP < 5 · 1010, *dP < 5 · 109, *eP < 1 · 108, *fP < 1 · 108.
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2.1. Human genome sequence and gene retrieval
We downloaded the human genome reference sequences (NCBI
Build 36.1) [9] from ftp://ftp.ncbi.nlm.nih.gov/genomes/H_sapiens/,
and extracted all the feature descriptions categorized as ‘‘mRNA’’
and ‘‘CDS’’ (coding sequence). We also downloaded the NCBI Entrez
GENE ﬁles (as of July 20, 2006) from ftp://ftp.ncbi.nlm.nih.gov/gene/
DATA/ to supplement recent corrections of the annotations. Next, we
retrieved the genes in Build 36.1 whose gene IDs were identically de-
scribed in Entrez GENE. We further selected the genes that were
explicitly described as ‘‘protein-coding gene’’ in Entrez GENE.
2.2. Acquisition of the 3 0- and 5 0-UTR sequences of 20527 genes
We further checked the genomic locations of the 5 0 and 3 0 ends of
every transcript, and those of the 5 0 and 3 0 ends of each corresponding
CDS. In cases of alternative initiation and/or termination sites for
transcription and/or translation, we always adopted the 5 0-most and
3 0-most ends. Next, we selected only the genes for which genomic se-
quences of at least 8 nt were available in either the 3 0- or 5 0-UTR. Fi-
nally, we compiled the 3 0- and 5 0-UTR sequences of 20527 genes,
which amounted to 43 Mb for the 3 0-UTRs and 131 Mb for the
5 0-UTRs.
2.3. A set of non-redundant miRNA core motifs
We downloaded the mature miRNA sequences from miR-
Base::Sequences at the Sanger Institute (ftp://ftp.sanger.ac.uk/pub/mir-
base/sequences/CURRENT/) as of July 21, 2006. We retrieved all the
human mature miRNA sequences (454 entries), and then excised the
sequences corresponding to nucleotides 2–8 of the mature miRNAs
counting from the 5 0-end. Since 100 diﬀerent miRNAs fell into identi-
cal 7-nt core motifs, we made a unique non-redundant motif list. This
non-redundant core motif list included 354 core motifs.
2.4. Survey of 7-nt motif frequencies using a sliding window
We surveyed the occurrences of each of the possible 16384 (=47) 7-nt
motifs using a sliding 7-nt long window at a 1-nt pitch. This sliding
window procedure was applied to the entire human genome sequence
and the compiled sequence sets of the 3 0- and 5 0-UTRs. We excluded
the counts that included degenerate nucleotide symbols, such as N.
We denote such total counts exclusive of degenerate symbols as ‘‘eﬀec-
tive counts’’ in this report.
To compare the frequencies among distinct genomic regions, we cal-
culated a relative frequency for each 7-nt motif as follows. We divided
the number of occurrences for each of the 16384 motifs by the total
eﬀective count corresponding to each of the genomic contexts. Next,
we assigned a relative frequency to the corresponding motif of each
form (i.e. ori, rev, cmpl and revcmpl).
2.5. Enrichment index (EI)
To indicate the degree of over- or under-representation of the miR-
NA core motifs and their derivatives within the 3 0- and 5 0-UTRs in
comparison with the occurrence of the corresponding motifs in the en-tire genome, we assumed a binomial distribution for each motif, and
used the standard deviation as a measuring unit. For a motif m appear-
ing in either the 3 0- or 5 0-UTR, the EI is given by EIm = (Om  Em)/sm,
where Em is the expected occurrence, Om is the observed occurrence
and sm is the standard deviation (see Supplementary Material Text
S1 for detailed equations and explanations). Thus, a negative EI value
stands for under-representation and a positive EI value indicates over-
representation relative to the occurrence in the entire genome.
2.6. Statistical analyses
We tested diﬀerences among the relative frequencies of motifs by the
Wilcoxon rank-sum test using the rank of occurrences within each
form and in each genomic context (Table 1). We tested diﬀerences in
the mean EI values between reverse and reverse-complementary forms
in the 3 0-UTRs by the paired t-test.
2.7. Human gene sets coexpressed and non-coexpressed with miR-124a
We used a human gene atlas [10] to obtain gene sets coexpressed and
non-coexpressed with miR-124a, which is speciﬁcally expressed in the
prefrontal cortex [6,11]. We downloaded human gene expression data
(GNF1Hdata) from http://wombat.gnf.org/ and used the HG-U133A
dataset. We retrieved genes whose expression levels were more than
twofold higher than the median among tissues as previously described
[11] with a tightened threshold. As a result, we identiﬁed 2666 genes
coexpressed with miR-124a in the prefrontal cortex and 3153 non-
coexpressed genes in skeletal muscles. Finally, for 2525 coexpressed
and 2910 non-coexpressed genes, the 3 0- and 5 0-UTR sequences were
both available for at least 8 bps in our compiled data sets. We com-
puted the relative frequencies and EI values for miR-124a using the
coexpressed and non-coexpressed UTR sequences as described above.3. Results
3.1. Abundance of miRNA target motifs
The means of the relative frequencies of the core motifs and
their derivatives are summarized in Table 1. Among the four
forms of the motifs, the reverse-complementary forms (rev-
cmpl) of the core motifs correspond to possible miRNA target
sites (Fig. 1). For the core motif set, the relative frequencies of
H. Iwama et al. / FEBS Letters 581 (2007) 1805–1810 1807the reverse-complementary forms were higher than those of the
complementary (cmpl) forms, not only in the 3 0-UTRs but also
in the 5 0-UTRs and entire genome at levels of statistical signif-
icance in the order of 108–1010 (rank-sum test) (Table 1 and
Fig. 2). Regarding the comparison between the core and non-
core motifs, the relative frequencies of the reverse-complemen-
tary forms of the core motifs were again higher than those of
the non-core motifs in all three genomic contexts at similarly
high levels of statistical signiﬁcance (rank-sum test). These re-
sults showed that possible 7-nt miRNA target motifs were sig-Fig. 2. Scatter plots showing the correlations between two distinct forms of th
genome (A and B), 3 0-UTRs (C and D) and 5 0-UTRs (E and F). Each red dot
relative frequencies of the motifs in reverse-complementary relationships sho
relationships show diﬀuse patterns (B, D and F). In both of the patterns, the r
ranges of relative frequencies.niﬁcantly abundant in 3 0-UTRs, as well as throughout the
genome.
3.2. Directional bias of motif occurrence
The relative frequencies of motifs in reverse-complementary
relationships (i.e. ori vs. revcmpl and rev vs. cmpl) consistently
showed very similar values in the 3 0-UTRs, 5 0-UTRs and entire
genome (Table 1). These motifs in reverse-complementary rela-
tionships showed a clear linear correlation of occurrences in all
the genomic contexts (Fig. 2A, C and E), regardless of whethere relative frequencies of all the 7-nt motifs (16384) in the entire human
corresponds to a core motif and each blue dot to a non-core motif. The
w clear linear correlations (A, C and E), while those in simply reverse
everse-complementary motifs (revcmpl) are always distributed in higher
1808 H. Iwama et al. / FEBS Letters 581 (2007) 1805–1810they were core or non-core motifs, whereas the motifs in sim-
ply reverse relationships showed a diﬀuse pattern (Fig. 2B, D
and F). Interestingly, the reverse-complementary linear corre-
lations also showed remarkable directional biases, in which
the original and reverse-complementary forms outnumbered
the reverse and complementary forms, respectively, in all the
genomic contexts (Table 1). As shown in Fig. 2, all the scatter
plots also consistently showed that possible miRNA targets
motifs, i.e. revcmpl, were distributed in ranges of higher rela-
tive frequencies.
3.3. Occurrences of rare target motifs are preferentially
decreased
We hypothesized that the miRNA target motifs would be
comprised of relatively rare motifs if selective avoidance is a
ubiquitous mechanism for depleting miRNA target sites. To
examine this hypothesis, we separated every 7-nt motif accord-Fig. 3. Histograms showing the numbers of reverse-complementary (revcmp
intervals of 0.01% of the relative frequency. For both the non-core (A, C a
patterns in the entire human genome (A and B), 3 0-UTRs (C and D) and 5 0ing to its abundance (or rarity) into bins at intervals of 0.01%
of the relative frequency (Fig. 3). The set of non-core reverse-
complementary motifs persistently showed two distinct peaks
in the 3 0-UTRs, 5 0-UTRs and entire genome. The ﬁrst distinc-
tively sharp peak represented aggregation of very rare motifs
(Fig. 3A, C and E). In contrast, for the possible target motifs
(i.e. revcmpl of the core motifs), the peak of rare motifs was
drastically reduced in all the genomic contexts (Fig. 3B, D
and F). Therefore, the occurrences of rare motifs were rather
preferentially decreased in the set of potential miRNA target
motifs.
3.4. Enrichment of reverse-complementary core motifs in the 3 0-
UTRs
To illustrate features that characterize diﬀerences between
the 3 0- and 5 0-UTRs, we examined the degrees of over- or un-
der-representation of the motif occurrences by computing anl) forms of motifs along with their degrees of abundance (or rarity) at
nd E) and core (B, D and F) motifs, the histograms give very similar
-UTRs (E and F).
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are shown separately for each form and within either the 3 0- or
5 0-UTRs (Table 2). The results revealed that the reverse-com-
plementary core motif forms in the 3 0-UTRs showed notable
enrichment (P < 0.05, paired t-test), whereas the EI value for
the reverse-complementary core motif forms in the 5 0-UTR
was rather suppressed in the 5 0-UTRs and lowest among the
values for all four forms in both the 3 0- and 5 0-UTRs.
The EI suppression of the reverse-complementary forms was
characteristic of the 5 0-UTRs, since the relative frequencies of
the reverse-complementary forms were always higher than
those of the simple complementary forms of the core motifs
in all the genomic contexts with very high statistical signiﬁ-
cance. The potential miRNA target sites (revcmpl) were in-
creased in the 3 0-UTRs, but rather decreased in the 5 0-UTRs.
3.5. Core motif occurrences and EI values for coexpressed and
non-coexpressed genes
For both the coexpressed and non-coexpressed gene sets, the
relative frequencies for the motifs of miR-124a showed similarTable 2
Mean values of the enrichment index (EI) for the core motifs
Motif orientation ori rev cmpl revcmpl
3 0-UTRs 1.553 1.226 1.488 2.052*
5 0-UTRs 1.606 1.591 1.671 1.110
The mean EI value is shown for each motif form and either the 30- or
5 0-UTRs. The EI values indicate the degree of over- or under-repre-
sentation of each motif occurrence in comparison with that in the
entire human genome. The EI for the reverse-complementary forms in
the 3 0-UTRs is distinctively higher than that for the complementary
forms (P < 0.05, paired t-test).
Table 3
Relative frequencies and enrichment index (EI) values for coexpressed
and non-coexpressed genes
ori rev cmpl revcmpl
Coexpressed
Relative frequency
3 0-UTRs 5.3E05 1.2E05 1.5E05 8.0E05
5 0-UTRs 6.0E05 1.0E05 1.2E05 7.5E05
EI
3 0-UTRs 3.868 0.287 2.655 4.177
5 0-UTRs 4.073 2.148 0.150 6.299
Non-coexpressed
Relative frequency
3 0-UTRs 6.2E05 8.6E06 1.4E05 8.8E05
5 0-UTRs 6.0E05 1.0E05 1.2E05 7.2E05
EI
3 0-UTRs 0.902 1.785 1.309 5.731
5 0-UTRs 3.947 1.955 0.279 4.148
All genes examined
Relative frequency
3 0-UTRs 5.7E05 1.1E05 1.3E05 7.9E05
5 0-UTRs 5.9E05 1.1E05 1.3E05 7.0E05
EI
3 0-UTRs 7.300 1.269 2.708 10.524
5 0-UTRs 8.942 0.450 3.493 6.231
The relative frequencies and EI values for the gene sets coexpressed
and non-coexpressed with miR-124a are shown for each form of the
core motifs.overall trends (ori rev and cmpl revcmpl) to those of all
the genes examined (Table 3) and the three genomic contexts
(Table 1).
However, the EI values for miR-124a revealed that the re-
verse-complementary motifs were highly enriched, whereas
the original motifs were under-represented, in every category.
This skewed distribution was most remarkable in the set of
all the genes examined. Interestingly, this marked enrichment
of revcmpl motifs in the 3 0-UTRs was relatively reduced for
the coexpressed gene set, while it remained relatively un-
changed in the 5 0-UTRs. This 3 0-UTR-speciﬁc reduction in
target motif enrichment may be attributable to selective avoid-
ance, although it was notable that target motifs still remained
highly enriched even in the coexpressed gene set.4. Discussion
In the present study, we explored the occurrences of miRNA
target core motifs to elucidate speciﬁc features of miRNA reg-
ulatory networks. In particular, we focused on the extent to
which selective avoidance works as a general rule in shaping
miRNA regulatory networks. Speciﬁcally, we posed a hypoth-
esis that if selective avoidance is a ubiquitous or major mech-
anism, the miRNA target motifs in 3 0-UTRs would be
decreased as a whole. The results revealed four lines of evi-
dence that were inconsistent with selective avoidance: (i) miR-
NA target motifs appear more frequently than non-target core
motifs; (ii) miRNA target motifs are enriched in 3 0-UTRs; (iii)
rare target motifs are preferentially suppressed in 3 0-UTRs;
and (iv) a coexpressed gene set shows enrichment of target mo-
tifs in 3 0-UTRs.
Indeed, the enrichment of miRNA target motifs was rela-
tively reduced only in the 3 0-UTRs of the coexpressed genes,
which was indicative of selective avoidance, but still remained
at a considerably high level. Therefore, the inﬂuence of selec-
tive avoidance appears to be relatively limited, and other fac-
tors that foster miRNA target motifs can be considered to
operate to an extent that surpasses the inﬂuence of selective
avoidance, in the processes that shape miRNA regulatory net-
works, although the critical importance of the spatiotemporal
coordination of the expressions of miRNAs and mRNAs may
remain unchanged.
We adopted a strategy in which we deemed a miRNA core
motif to be a single condition for potential miRNA target sites,
and this may underestimate the eﬀects of other factors. How-
ever, since substantial experimental evidence [3,5,6] and the
majority of experimentally validated miRNA target sites regis-
tered in TarBase (http://www.diana.pcbi.upenn.edu/tar-
base.html) [12] support the 7-nt miRNA target sequences as
critical motifs for regulating target mRNAs, we consider that
our approach could depict the overall critical features of miR-
NA target sites.
For non-conserved sites in the Drosophila melanogaster gen-
ome, a single-genome ‘‘seed walk’’ analysis showed that the
6-nt seed complementary sites were relatively enriched in the
3 0-UTR regions, as opposed to their avoidance for ‘‘ribosomal
genes’’ [13]. Regarding the conserved sequences in mammals,
an unbiased systematic motif discovery approach clearly re-
vealed a distinctive enrichment of 8-nt motifs speciﬁcally in
3 0-UTRs, many of which exactly matched known miRNA 5 0-
sequences including the seeds [14]. Moreover, our present
1810 H. Iwama et al. / FEBS Letters 581 (2007) 1805–1810study further showed that the miRNA core motifs including
the seeds were signiﬁcantly abundant compared to other motifs
not only in the 3 0-UTRs but also in the 5 0-UTRs and entire
human genome.
Our results also showed a clear linear correlation between
motifs in the reverse-complementary relationship in the 3 0-
and 5 0-UTR sequence sets. This linear correlation itself is al-
ready known in various species from bacteria to eukaryotes
[15] as the reverse-complementary symmetry rule or Chargaﬀ’s
second parity rule [16], although the mechanisms have not yet
been fully elucidated. Regarding this linear correlation, the
notable point of our ﬁndings is that target motifs (revcmpl)
and their reverse-complementary motifs (ori) signiﬁcantly pre-
dominate over the motif pairs in the reverse-complementary
relationship on the opposite DNA strand (i.e. rev and cmpl)
in both the 3 0- and 5 0-UTRs. In other words, the coding
DNA strand in which the protein-coding sequence resides pref-
erentially harbors target motifs and also their reverse-comple-
mentary motifs, with almost the same frequency.
This coding DNA-strand bias is consistent with a previous
report of preferential occurrences of miRNA target sites in
the coding DNA strand based on systematic motif discovery
in conserved 3 0-UTR sequences [14]. This coding-strand bias
and the parity of reverse-complementary motifs may indicate
that some miRNA target motifs also contribute to the loop
formation of the transcripts. Since our results suggest that
the inﬂuence of selective avoidance is relatively limited, other
driving forces that rule the occurrences of miRNA target sites
may remain to be uncovered.
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